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ABSTRACT

Results from laboratory-scale experiments and coupled analysis of rocket combustor energy release and
life characterization are presented. The energy release is determined through axia pressure
measurements and the one-dimensona compressible flow caculations. A modd flow monopropellant
was used in this preliminary exercise because of the smplifying approximations that could be employed
and because the low enthapy addition of the monopropd lant reaction provides a severe case of the
measurement technique. A liquid spray of hydrogen peroxide was injected into a stream of
decomposed products, and axia pressure profiles and hesat flux were measured. Constant gas
properties were assumed in the one-dimensond moded aong with a D-squared drop vaporization
submoded, but comparison of the modd results with measurements show that a more accurate energy
balance that includes hest transfer to the liquid phaseis necessary.  The life characterization work
included a ‘test-to-failure of alaboratory combustor comprising a precombustor to generate hot gas
and awater-cooled copper liner test section that was fitted into a sainless sted structurd jacket. A
thermd analysis of the liner was firgt vaidated usng the measured coolant temperaturerise. Thelife
andyses were conducted with updated environments imposed on the liner. Both conventiond (effective
stress-strain) and advanced life prediction methods were used to predict between 50 and 320 life
cycles. An unexpected type of failure occurred near the 100" cydle, but alimited evaluation of the
failed test article indicated that the viscoplastic modeling showed better agreement than conventiond
methods in predicting the life cycle failure when both low cycle fatigue and devated temperature loads
were gpplied. Improvements to the life prediction methodology are aso discussed.

INTRODUCTION

The mgjor requirements imposed on arocket combustor are performance and life. Cost and rdiability
consderations are mativating the development of new designs usng new materiasin possbly new
cycles. Although the aerogpace community has typicaly relied heavily on derivative desgnsfor new
systems, limited design heritage exists for the propulson systems that can meet these life and cost gods.
Furthermore conducting a development program for large engines using full-scale hardware is
prohibitive. Thus, the need for accurate design analyss modelsis more pressing than ever.

A need presently exigts for an improved methodology to produce innovative designs and vaidation data
for both first order and detailed design andyss early in the design cycle. Testing with subscde
hardware is a valuable way to produce performance, heat transfer, life, and, in some cases, stability
vaidation data. Smaller scale testing, on the single eement level implieslower cost. A wider range of
design and operating parameters can be examined. This paper describes work ongoing at Purdue



Univergty to develop methodol ogies that combine laboratory-scae experiments with andysis for larger-
scae design vdidation. Work related to injectors and chamber lifeis underway.

Theinjector effort seeksto develop a smple methodology that can be used to devel op and assess
injector designs using a one-dimensiona combustion mode!, verify the one-dimensiond mode output
with agmple high-pressure test device, and provide initidized combustor flowfield data for detailed
CFD andydis of theinjector concepts. The effort emphasizes the study of full-scae injector eements
operated at redigtic conditions. Key measurements in this gpproach include axid pressure profile and
heet flux. In this paper anumerica modd used to predict energy release profiles for corrdation with
measured axia pressure profilesisdiscussed.  Vaidation case results are reported aong with the actua
casereaults. A limited number of differentia pressure and heat flux measurements are reported and
compared with the analytical results. .

Thelong-term god of the chamber life effort described here is the development of atest-bed for the
evauation of long-life technologies including anaytica gpproaches, innovative functiond designs,
advanced materids, and integrated health monitoring. The near-term goa of thiswork isto develop an
integrated andytica/experimenta gpproach for life prediction using prototypica subscale combustors.
Results from arecent ‘test-to-fallure experiment using a water-cooled copper liner a modest operating
conditions are provided. Theliner was designed to fall in a verifiable number of cydesusing different
andyticd methods. Although the liner failed in an unexpected mode, va uable lessons were learned
regarding the further development of the approach.

The experimental and analytica approaches used in both areas are described in this paper.
Shortcomings in the present application of each agpproach were discovered and plans to improve each
are discussed.

COMBUSTION CHARACTERIZATION

This combined experimenta/analytical approach described below was demonstrated earlier by Bracco
and others™*** using liquid oxygen and hydrocarbon propdllants. In the present work, liquid hydrogen
peroxide (HP) isinjected into a decomposed stream of HP. Mass and enthalpy addition profiles are
determined by the measurement of axia pressure profile and heet flux measurements in amodular
chamber. The use of the HP monopropellant provides the advantage of avaporizing and reacting gas
flow with the gpproximation of constant gas properties. It aso provides arddively severetest of the
measurement approach because the pressure |oss due to mass and enthdpy addition is much lower than
in abipropdlant case, which is the eventud application. This gpproach is particularly useful for
characterizing full-scae injector eement designs at redistic operating conditions.

EXPERIMENTAL APPROACH

Experiments were conducted at Test Cell A of Advanced Propellants and Combustion Laboratory
(APCL) in Purdue University. A detailed description of the test facility and data acquisition is described
elsawhere® Thetest fadility is capable of handling separate flow systems for both oxidizer and fudl. For



the HP decomposition studies, two separate oxidizer tanks were used dlowing usto vary the
concentration of liquid HP injected downstream of the decomposed hot gas stream of HP.

A flow of HP decomposed in a catayst bed made provided the main (primary) hot gas stream. Three
four-inch long and one two-inch long cylindrica chambers with an indde diameter of 1.2 in were built
from copper rod stock. All chambers were equipped with axid pressure ports for differentid pressure
transducers. Also, two four-inch chambers were furnished with ports for heet flux gauges. In addition
to the differentia pressure ports, absolute pressure and thermocouple ports were madein dl the
chamber sections. Four throat sections alowing contraction ratios of 4.9, 5.7, 6.7, and 8.0 were made
of danless sed.

Measurements of axid pressure dong the chamber were made using highly accurate differential pressure
transducers. Two different ranges of differentid pressure transducers, 50 psid and 250 psid, were
used. The accuracies of the differentia pressure transducers were 0.04% and 0.25% of the full scale,
respectively. Chamber pressure was recorded using standard absolute pressure transducer with 0.25%
accuracy of the full scle. Two Gardon-type hest flux gauges with ratings of 1000 Btu/ft>-s and 2000
Btu/ft?-s were used to measure heet flux. Temperature measurements were made using six-inch long K-
type thermocouples with maximum temperature rating of 2500 °F. Figure 1 isadimensoned line
drawing showing the insrumentation locations.

During preiminary tests, pressure surges during the startup and shutdown transients exceeded the
differentid pressure range of the differentia pressure transducers. The surges were sufficiently large that
two out of three transducers with a 50 psid range were destroyed. A variety of methods were
invesigated to diminate the differentid surges, indluding usng snubbers, purging the ingrumentation
lines, and using lines of different interna diameters and lengths. The line purge reduced the magnitude of
the pressure spike, but it introduced hysteress effects that prevented the acquisition of accurate and
repestable measurements. Finaly differentiad pressure transducers with large ranges (250 psid) were
used. This solved the problem of damaging the transducers, but at aloss of accuracy.

ANALYTICAL APPROACH

The moded is based on the generdized one-dimensiond equations® which typically take into account the
physica effects of area change; wall friction; externa heat trandfer; chemica reaction; change of phase;
and changes in molecular weight and specific heaet. The study fluid is hydrogen peroxide. Theuseof a
monoprope lant alowed the gpproximate smplifying assumption of constant gas properties, athough we
will show later that this approximation leads to maor differences with the measurements. Also, the bi-
component drop is assumed to vaporize uniformly, and vapor phase decompaosition kinetics are
assumed to beinfinitely fast. Enthapy addition occurs smultaneoudly with mass addition, without gas

property change.

There are eight basic and governing equations for the generdized one-dimensond compressible flow,
which have fourteen differentia variables. Some of these variables can be easily set to zero due to the
approximations set forth in our gpplication of thismodd. The equations are expressed in logarithmic
differentid form to alow easy separation of the physica effects mentioned above. Among the fourteen



differentid variables, Sx variables may be chosen as independent variables and eight as dependent
variables. The independent variables are the influence coefficients which can be controlled most easily
in practice.
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Figure 1: The 14-inch long configuration with the locations of instrumentation. DP indicates
differential pressure measurements. HX indicates heat flux measurements. Dimensionsare
in inches.

For this model, the most important dependent variables are Mach number and pressure. Mach number
can be written in differentia form as
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Solving for pressure yields
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For the one-dimensond mode as used here, only the influence coefficients of enthalpy, mass addition,
friction, and heet trandfer are consdered. The influence coefficient for the frictiond |oss was evauated
using the friction factor’
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Hest transfer was ca culated by assuming that convective heet transfer dominates

Q = hg A(T - Tw) 4
and the convective hegt transfer coefficient was caculated using the empirical Bartz corrdlation
gl & Pr e C g e a ge [}

where sis the correction factor which is assumed to be unity for these calculations. Furthermore, the
gas temperature is assumed to be constant in the chamber. Both a congtant wall temperature and an
adiabatic wal condition were assumed; these assumptions will be discussed later. Therefore, only the
heet transfer coefficient varies dong the axiad location. To caculate the heet 10ss, the heet trandfer rate
for the congtant wall temperature assumption was integrated over the surface area of the chamber.

The enthapy and mass addition were caculated in the vgporization modd. These two influence
coefficients are coupled and cannot be treated separately. A Smple vaporization modd was
implemented to evauate these parameters using the dassc D*-Law® with the assumption of a

monodisperse drop distribution:
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where the right-hand side of the equation is dso called as evaporation congtant K. The equation (6) is
written is function of time, and can be converted as function of axid distance of the chamber using the
following equation

2 1 dp ? )
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Finaly, the evaporation constant evauated in the equation (7) is based on the condition of burning
drops at a stagnant medium. Therefore, the value of K must be corrected to the forced- convection
environment as shown below,

K =K°(1+0.276 Rel/2 pri/3) (8)



Theinitid drop diameter is computed based on an empirica correlation for the crossflow injector. A
number of correations exist, but the one that was developed from conditions most closaly matching the
experimental conditions was’
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The empiricad correction factor of 3.9 in Equation (9) was varied in the model to provide amatch with
the measured characteritic exhaust velocity efficiency.

The one-dimensiond model was written in Matlab script. The initia and boundary conditions were set
basaed on each test condition dong with chemica equilibrium code results. All necessary influence
coefficients dong the axid position of the chamber were known values. A fourth order Runge-Kutta
method was implemented. An iterative solution was used based on matching the gas dendity at the sonic
throat. Vdidation of the numerica modd was done by separate comparisons with andytical solutions of
isentropic flow with area change, Rayleigh flow, and Fanno flow. A numerica discretization of 400
points gave satisfactory accuracy.

Anillugration of the numericad modd resultsis shown in Figure 2. Theresults are for the case where it
is dipulated that the axid location for complete reaction of the injected hydrogen peroxide is the throat.
For the sample caculation, the initid drop Sze was iterated on until the liquid flow was completdy
vaporized exactly a 14 in. An adiabatic wall condition was assumed dong with 100% efficiency of the
catdyst bed flow. Infinitely fast vapor phase decomposition kinetics were dso assumed. Also shownin
the figure are the locations of the three differentia pressure measurements DP1, DP2, and DP3. The
pressure drops due to friction, enthapy addition, and mass addition were 0.3, 4.1, and 12.1 psid,
respectively, with atota pressure drop of 16.5 psd.
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Figure 2: One-dimensional modd results.



The numericd andydsincudes a submodel for pressure loss due to heet transfer. In the experiments,
the heat lossis from the gas to the cooler chamber, and from the gas to the evaporating drops, thus a
pressure rise would be cdculated. The mgor uncertainty in the chamber wall heat loss modd is the hot
sde wal temperature, which changes during the course of atest. Gardon-type heet flux gauges were
ingaled at two locations in the chamber. The most repestable heat flux measurement indicated heeat flux
levels close to 1.0 Btu/irf-s. To evauate the use of the heat oss modd, the numerica results of Figure
2 were compared with a case where the hesat flux was twice that of the measured value. The difference
in pressure drop for the two cases was 0.4 pd, representing about a 2.5 percent difference. Because of
the samdl rdative difference in caculated pressure drop, and the uncertainty in specifying a hot-sde-wal
temperature for the heat flux calculation, an adiabatic wall gpproximation was used in subsequent
cdculations.

RESULTS

Since a high gas velocity (low chamber contraction ratio) tends to increases the pressure gradients, a
low contraction ratio of 4.9 was chosen for the experiments discussed below. A test matrix (see Table
3) was devised which varied the mass it between primary gas flow secondary liquid flow was varied
from 90/10 to 70/30. Three differential pressure measurements (DP1-3) and one hesat flux
measurement (HX2) were obtained as shown in Figure 1.

During Test Nos. 1 through 3, instrumentation line purges were used to reduce the pressure spiking
during startup and shutdown as discussed in the Experimenta Approach section. Although theline
purges provided some damping, they dso gpparently caused hysteress effects, resulting in azero-shiftin
the pressure measurement after the first test. The rdiability of the measurement was therefore brought
into question, and the line purges were diminated. The low range pressure differentia transducers were
removed and only the high range (250 psid range) transducers were used. Only Test Nos. 4 and 5 will
therefore be discussed here.

Table 1. Experimental Test Matrix for Differential Pressure and Heat Flux M easurement.

Mass Test No Lc CR Injector VenturiD. mdot M mdot S Mono_ Pc Pc

Split (G/L) In. Type In. Ibm/sec  lbm/sec psi psi
90/10 01 14 4.90 A 0.078/0.030 0.900 0.100 376.35 418.16
70/30 02 14 4.90 A 0.078/0.054B 0.900 0.386 376.35 537.76
70/30 03 14 4.90 A 0.078/0.054B 0.900 0.386 376.35 537.76
80/20 04 14 4.90 A 0.054A/0.030 0.450 0.113 188.17 235.42
80/20 05 14 4.90 A 0.068/0.034 0.700 0.175 292.71 365.89

Ancther experimenta difficulty arose at the start of thistest series. The decompostion efficiency of the
catalyst bed dropped from the earlier values of more than 90% to around 70%. This catdyst bed
served as aworkhorse gas generator in our |aboratory and is probably approaching the limit of its ussful



life. Thusthe approximation that the temperature of the primary gas flow was the decompostion
temperature of hydrogen peroxide was no longer vaid.

Test No. 4 was added to the matrix to reduce the flow through the catalyst bed to achieve higher
decomposition efficiencies as well asto evauate the pressure spikes at a presumably safer low flow
condition. Although the low primary flow rates resulted in higher decomposition efficiency gpproaching
0.9, the low secondary flow rates resulted in poor atomization of the liquid peroxide due to the low
liquid injection pressure drop and thus poor secondary flow decomposition efficiencies. Heet flux
measurements were repeatable though and results from heat transfer gauge HX2 are shown in Figure 3.
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Figure 3: Heat flux measurement at HX2 (see Figure 1) for Test No. 4.

The C* efficiency of the primary flow prior to the injection of liquid flow was only about 70% for Test
No. 5. The measured pressure gradients are shown in Figure 5. The DP1 measurement near the front
end of the chamber indicated a pressure rise near zero a the initiation of secondary flow and
approaching 0.5 ps near the end of the test, atrend that was dso seenin Test No. 4. The DP2 and
DP3 measurements both indicated pressure drops of about 1.2 and 0.5 pg, respectively. Again these
trends were o evident in Test No. 4.

The numerica modd was exercised for Test Nos. 4 and 5. The model was forced to match the
experimenta data by adjusting the initia drop size until the calculated value of static chamber pressure
matched the measured value. Effective mass addition is defined here by the amount of mass that must
be added to the decomposed primary flow to achieve the measured chamber pressure. The
decomposed primary flow was determined from the chamber pressure measurement prior to secondary
liquid injection. The effective mass addition for Test No. 4, plotted as afunction of chamber length in
Figure 6, was thus determined to be 36.6% of the injected liquid flow rate. The pressure drop across
the entire length of the chamber due to this mass addition was 80% of the total pressure drop.
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Figure 4. Differential pressure measurement for Test No. 5. A two-Hz filter isused.
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Figure 6: Calculated mass addition profilefor Test No. 4. Overall mass addition was set by
stipulating the chamber end pressureto be equal to the measured pressure.



Figure 7 illustrates both numerica and experimenta resultsfor Test No. 4. The numericd result is
plotted as a continuous pressure profile. The DP measurements are shown as points a the axid

location of their downstream measurement. The upstream reference point for the DP datain the figure
isthe caculated pressure at the axial location of the upsiream measurement. As mentioned earlier, these
results are not what were expected. We expected a monotonic pressure drop indicating relatively
steady mass and enthdpy addition. Certainly the unfortunate reduction of the catdyst bed efficiency
contributes to some of the difficulty in datainterpretation. However an explanaion may dso liein our
andysis of the drop vaporization and the gpproximation of constant gas properties.

Our use of the D*Law did not account for the energy transport between the decomposed gas and the
liquid drops, asmplification which is of course inconsstent with the redistic condition. Asthe drops
heat up to the saturation temperature, heet will be lost from the gas to the drops. The pressure rise
indicated by the DP1 measurements could actudly be due to an initid drop hesating period and
evaporation, resulting in a heat loss from the gas and thusin apressurerise. An estimate of the pressure
rise due to the drop heating and evaporative cooling was made and is about 0.4 psid for Test No. 5. In
the section of the chamber measured by DP2, vaporization and decomposition of the heated secondary
injected flow could be occurring, resulting in a higher pressure drop than predicted. Because the
upstream port of DP3 isin the imagined “drop heating” regime, and the downstream port of DP3isin
the imagined “vaporizing” regime, the pressure drop indicated by DP3 would be less than that measured
by DP2. Thefact that DP3 is about equa to the sum of DP1 and DP2 further substantiates this
explanation. Other contributing factors could include finite decomposition kinetics, and of course the
inefficient catayst bed isa complication. Theincluson of amore accurate submodd for energy
trangport between the gas and liquid phase, an andysis of vapor phase kinetics, and amodification to
the catalyst bed to provide near 100% decomposition of the primary flow are dl presently underway.
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Figure7: Pressure Profilefor Test No. 4 with experimental data.



LIFE CHARACTERIZATION

Thelong-term god of this study is to develop a combined experimental /analytical approach that uses
subscale prototype hardware to determine likely failure modes and obtain modd vadidation data. The
specific objectives of the present study were three-fold: to quditatively predict the expected falure
mechaniam of the gradud thinning of the cooling passage and the so-called “dog house” effect by usng a
visco-plastic modd; to verify theoreticd life estimation by using test data; and to provide studentsin the
School of Aeronautics and Astronautics at Purdue with the experience of a*design, build, and tet”
rocket engine combustor project. First abrief review of previous work in life prediction is presented,
with an emphasis on studies that used subscae test hardware. An analysis based on the viscoplastic
treatment of stress and strain isthen presented. Then the experimental hardware is described along with
the test gpproach used in this study. Finaly the results are discussed and compared to the andyticdl
predictions.

ANALYTICAL APPROACH

The method developed by Dai and Ray™ is based on the concepts of sandwich beam modd and
viscopladticity to represent progressive bulging and thinning phenomenain the coolant channel of rocket
engine. Thetota drain rate isthe sum of dadtic and indagtic Srain:

g =e; +ejf (10)
Each strain can be obtained by the integration of the elagtic and indagtic drain rate:

1+n) . n
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To compute the inelastic strain rate the Freed viscoplastic mode™! was introduced. From the indlastic
drain, the pressure distribution and the geometric configuration of the cooling channd, the time-
dependent radid deflection at the midplane of the hot wall can be obtained:
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where subscripts 1 and 2 denote coolant and hot side thin faces of the sandwich beam modd,

respectively, and where C = A&A;Eé;gf; 2 " =e) - e", p(t) = distributed force per unit
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length, | = hdf length of the ligament, x = ligament width, A;, A, = cross section area of sandwich
beam 1 and 2, E;, E; = Young' s modulus of face 1 and 2, and d,, d, = distance between the thin faces.

The first term on the right hand side of Eqg. (13) shows the reversible components of the radia
deflection and the second term represents the permanent bulging and progressive thinning of the
coolant channel wall. With thisradid deflection w(t) at the midplane of the ligament, the normdized
thinning rate is expressed as.
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where aisthe distance between channdsand ?, isthe origind ligament thickness

Findly life was computed as.

H —_ qO - qcr
Life=Jdo "o
o (15)
and critical thickness by:
de =0 exp(- 0) (16)

Where g = 0.2[(S.-S))/S,]>®, S, = ultimate stress, and S, = yield stress. Freed' s phenomenological
viscoplastic modd was used to determine properties for the ductile materid over awide range of
temperatures. The material congtants can be obtained from isothermal experiment data.™*

EXPERIMENTAL APPROACH

A small scde combustion chamber was designed, built and tested by senior and first year graduate level

gudents in the School of Aeronautics and Agtronautics a Purdue University.  The students derived

specific design requirements from the following top-leve requirements:

- alow cyclefatigue fallure mechanism had to be demonsirated within a reasonable number of cycles
(<200);

- the experiment had to verify alife prediction anays's from conventionad modeling goproaches,

- the environments in e test section had to be wdl-characterized and results from the therma
andyss had to be verifiaole;

- thewater cooled liner could not melt prior to the LCF failure;

- conventiond design andyss methods were used;

- dl parts had to be manufactured in the Aerospace Sciences Laboratory at Purdue.



The main components of the test article (Figure 8, from top to bottom) were a catayst bed to
decompose 90% by weight hydrogen peroxide, afue injector, acopper heat sink precombustor with
sufficient volume to provide complete combustion and mixing of the decomposed oxidizer and fue, and
the test section, which comprised a plug nozzle and a water-cooled oxygen-free high-conductivity
(CU102) copper liner. This configuration is sSimilar to that used at NASA Lewis Research Center.'2*3
Design and operating parameters are given in Table 2.
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Figure 8. Test article schematic and interfaces. A catalyst bed isused to decompose
hydrogen peroxide, which isthen sent to the precombustor to burn with JP-8 to produce a well-
mixed hot gas. Thehot gasentersthetest section composed of the water-cooled liner and
centerbody. Thethroat of the test section isformed by the diver ging center body.



Table 2: Operating and Design Parameters

Par ameter Value
Propellant Mixture Ratio (O/F) 4.0
Oxidizer Mass FHow Rate 101b/s
Fuel Mass Flow Rate 0.251b/s
Chamber Pressure (P) 200 psa
Characterigtic Veocity (C”) 4961 ft/s
Specific Impulse (1) 205.1s
Chamber Temperature (T,) 3900 °R
Expanson Ratio (e) 2.8
Nozzle Throat Area (A, 0.915in?
Nozzle Exit Area (Ae) 2.56 in?
Nozzle Throat Diameter (Dy) 1.08in
Chamber Diameter (D) 35in
Contraction Ratio (CR) 105
Characteristic Length (L") 70
Chamber Volume (V) 64in®
Chamber Length (L) 6.0in
Injector Diameter (D;y) 230in
Number of Injector Holes 12

Injector Hole Diameter (Din 1) 0.032in

The cooled liner channd geometry was based on standard channel wall designs. The hot wall thickness
was st a 0.030 in (which is within the design range for typicd designs aswell as being machingblein
the Aerospace Sciences Laboratory machine shop) and the land width was set at 0.103 in. The channel
width was 0.125 in and the channel height was 0.06 in. These channd geometries were determined to
result in afailure within areasonable number of cycles at the available combustor conditions.

A smple one-dimensiona code using the Bartz and Seider- Tate equations™ for hot- and coolant-side
heet transfer coefficients, respectively, was developed and applied. The coolant flow rate was set to
maintain a safe margin from a calculated burnout heat flux of 6.54 Btu/in?-s. De-ionized water was
used as coolant for both the center body and the chamber liner, which was dumped into the plume.
Figure 9 shows the predicted wall temperatures dong the chamber and nozzle. Detailed andyss of the
temperature, sress, and drain field around the cooling channel was done using finite dement andysis
codes, namely ABAQUS and ANSY S.

Figures 10-12 show the assembly upstream of the nozzle, the water-cooled chamber liner and the
water-cooled center-body. The chamber liner was designed to fit tightly within agtainless sed
combustor case (not shown). The center-body was coated with thermal barrier coating (TBC). To
avoid cracks due to differentid therma expansion, an duminum/bronze bond layer was gpplied between
the copper and the Rokide, a Zirconium Oxide TBC. Rokide is made up of 95% copper and 5%
auminum and was gpplied to athickness of 0.01 in. After 140 firings, the coating was till intact at the
throat of the center-body.
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Figure 9: Predicted gas-sde and coolant-side wall temper atur e as function of test section
length. Throat isat 0.0 location.

Figure 10: Assembly of injector and pre-combustor with atest nozzle.



Figure 11: Chamber liner beforetesting.

Figure 12: Center-body after TBC coating.



Tegting was conducted in the Advanced Propellant and Combustion Laboratory (APCL) a Purdue
University (http://engr.purdue.edu/AAE/Research/Propulson/Facilities/apcl). The project took
advantage of the mgor hardware previoudy ingdled in thetest cell. Modifications were made to
accommodate the requirements of this project. For instance, a 650 psiawater tank was ingalled to
provide water to both the center-body and the cooling liner. The flow timing sequence was
automaticaly controlled with LABVIEW (Nationd Instruments), which controlled the pneumatically
actuated valves and the data acquisition system.

On average each cycle comprised a 0.5 s H,O, lead, with a 1.0 s bipropellant (both fuel and oxidizer)
firing, a1.5 sH,O; lag, and then a 2.0 s pause to alow the cooling channdsto return to their initid
temperatures. The lead and lag time were implemented to insure complete H,O, decomposition and to
burn any resdud fud left in the engine. This cycle was repested (on average) twelve times for every
test. Cooling water was flowed continuoudy throughout the cyclic testing.

Figure 13 shows chamber pressure typica of aseries of cycles. Thefive pulses shown at the beginning
of the test were monopropellant cycles used to raise the temperature of the catalyst bed prior to the
bipropellant tests to ensure that the oxidizer was completely decomposed before it entered the
precombustor. The C* efficiency of the precombustor was measured indicating that nearly complete
combustion was occurring in the precombustor and that the gas environment in the test section could be
closaly characterized by one-dimensiond equilibrium caculations. Figure 14 shows the measured
coolant temperatures at the inlet and the outlet water ports. These measurements were the primary
means used to verify the thermd andyss, which served as abasis for the life prediction andyss
described later.

The rocket was disassembled after every ten or so cycles depending on the amount of propellant
loaded. The cooling jacket was then visudly ingpected as well as dye- penetrant inspected. Notes were
taken and pictures were taken to document the condition of the hardware.

RESULTS

A deailed finite dement andysis was performed after the first set of data was obtained to provide
verification data for the thermd andysis. Data reduction was performed by a MATLAB code written
by the sudents. For verification of the therma andysis results, the temperature rise of the coolant was
measured. Figure 15 shows that the temperature rise predicted initidly was somewhat lower than that
which was measured. To determine actua liner conditions for input to the life andyss, the coolant
temperature variation was corrected on the basis of the coolant temperature measurements.

Therma and mechanica stress and strain were then computed using the corrected wall temperature
vaues that were derived from the coolant water temperature measurements. To further verify the
andytical values more detailed analyses usng ANSY S and ABAQUS were used. Figure 16 shows the
predicted temperature distribution in the wall at the throat region, indicating a maximum temperature of
714 K (825 F) and atemperature gradient of 1920 F/in.
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Figure 16: Wall temperature distribution around rectangular cooling channel. Maximum
temperature (790 K) was occurred at the middle of the ligament.



From the cal culated temperature distribution and pressure loading, the thermo-mechanicd stressand
gtrain were obtained. Figure 17 depictstota strain for the throat region at steady state conditions as
computed by ANSYS. The maximum strains computed andyticaly and the ANSY S prediction werein
agreament at about 2.0%. From the strain life (S-N) curve of OFHC,™ Figure 18, the number of
cyclesto falure was predicted to be 115 cycles.

The method of Porowski'® and the viscoplastic method estimated life to be between 51 and 260 cycles.
A deformation in the throat region was noted at approximately the 90" cycle. To vaidate the
viscoplagtic prediction method, the nozzle test section deformation was measured. The thickness of the
throat section that did not show deformation was partidly increased. The origind thickness of the throat
was 0.030 in. The average thickness of the throat section where it was not deformed was changed to
0.032" after 140 cycles. The thickness of the deformed region was 0.029 in, so the reduced thickness
was 0.003 in. Therefore, the thinning rate was caculated as 0.003 in/140 = 2.5E-5 in/cycle. The
critical wall thickness, beyond which the crack growth rate became infinity, was computed to be
0.0242” by Eq. (16). The cyclesto falure can be caculated using Eq. (15). Findly life was determined
to be 270 cycles, which shows good agreement with the visco-plagtic estimation.

Figure 19 shows the equivaent plagtic strain. Since ABAQUS dtarts zero dtrain at the yield point, the
tota strain (1.2%) isthe sum of plagtic (1.0%) and dadtic strain (0.2%). Totd strain givesalife of 320
cycdesfrom Figure 18. To see the progressive deformation and thinning of the wall, the throat region
was modded via ABAQUS and cyclic loading was applied up to 100 times, based on the loading
history that was used. Figure 20 shows the deformation of the wall at 40 cycles, showing no
deformation, and at 100 cycles, showing sgnificant deformation.

Figure 17: Total strain predicted by ANSY S around rectangular cooling channdl. Highest
strain (0.021) occurred at the corner of cooling channel
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Figure 20: Deformation of channd wall at 40 (left image) and 100 cycles (right image).

From computations such as those shown in Figure 20, it was seen that deformation was predicted to
begin a around 60 cycles. However, thinning was not observed in these smulations. Thisis dueto the
fact that temperature dependent experimentd plagtic stress strain data were implemented, instead of
using visco- plastic modeling to compute fatigue deformation. Table 3 contains a summary of predicted
results and measured result.

Table 3: Summary of Predicted
and Measured Life

Prediction Method Predicted Nc Measured
of cyde  No. of cycl

Effective Sress- 115

sran

Poroski method 51 270
Viscoplastic modd 260

FEM — ANSYS 115

FEM — ABAQUS 320

After thefirst 20 cycles, theliner had two purple spots, indicating local overhegting. At the sametime it
was noted that severa o-ringsin the fud injector were melting and causing the fuel to lesk into the
chamber. A copper spacer was machined and inserted between the injector and the pre-combustor to
act as ablock between the hot combustion gases and the fuel injector, aswell as ardatively large snk.
In addition to this extra spacer, Teflon O-rings were used to replace Viton O-rings, and the overheating
problems were solved.

After 60 cycles, two dime-szed slver spots appeared, indicating loca temperatures approaching 1400
F. At that sametime, the inner surface of the liner had noticeable surface roughening. After cycle 119,
the two spots had merged into one large slver spot, with consderable radia (inward) deformation. The
large deformation observed was not the type of failure that was predicted; a crack was expected that



would eventually propagate and lead to a coolant flow pressureloss. A smdll crack did appear at the
end of the 90™ cycle, but no changes were noted in subsequent tests. One more set of cycles were
conducted to increase the total number of cyclesto 140.

Figure21l: Liner deformation. The size of the silver-colored spot is1.5” x 0.6” in.

A speculated failure mechaniam isthat the weakest portion (due to materia inconsstencies or ahot
gpot) of the liner at the throat began to deform as normally expected by the bulging out of the coolant
wall towards the interior of the chamber. However, since the liner was not fixed to the stainless sted!
casing, the inward bulging created a void between the copper liner and the stainless sed casing which
potentidly led to alower coolant flow velocity and increased local heating. A dructurd andysis
performed early in the design phase indicated that the free-standing liner had the strength to withstand
buckling & the elevated temperature.

Another possible failure mechanism is the circumferential buckling due to difference of stress direction.
Therma |loads cause compressive stress on the hot sde wall and tensile stress on the coolant side. It is
speculated that the weakest portion could not sustain its origina shape at the high temperature and high
coolant pressure. This process could have propagated very quickly during aset of 12 cycles.



CONCLUSIONS

L aboratory-scale tests and companion analyses were conducted as afirst step in the development of a
subscale prototype-based injector performance and life prediction methodology. Theseinitid works
were conducted under fairly benign conditions compared to the redl rocket environment, but the results
indicated their potential application to more severe conditions.

Measurements and predictions of the axia pressure profile in a constant area monopropellant
combustor were obtained. Liquid hydrogen peroxide was injected into aflow of decomposed
hydrogen peroxide. The one-dimensiond pressure gradients are due to the effects of wal friction, heat
transfer, and mass and enthalpy addition, with the largest effect being mass addition. Mgor
goproximations included uniform drop vaporization, infinitey fast vapor phase decomposition kinetics,
and congtant gas properties. The hesat trandfer and mass addition modeling was performed based on
steady state convective and conductive hesat transfer and a D?-Law vaporization moddl. A comparison
of caculaions with and withou hest transfer to the chamber walls was made and an adiabatic wall
gpproximation was used because the difference between the two cases was small and the hot-Sdewall
temperature could only be estimated.

Three differentia pressure transducers were used to measure axia pressure profile, and a Gardon heat
flux gauge was used to measure heet flux. The forward differential pressure measurement, located
dightly downstream of the liquid injection point, indicated a pressure rise, which is speculated to be due
to heet trandfer from the gasto the injected liquid. Although the smple model presently employed
gpproximated a constant gas temperature so the effects of heat transfer to the liquid phase and
evapordive cooling was not included in the modd, asmple limiting Rayleigh flow andyssindicated that
apressure rise of asmilar magnitude was possible. A significant pressure drop was measured just
downgtream of the forward measurement. The third differentid pressure drop measurement extended
from the forward end of the chamber to the aft end, encompassing both of the other measurements, and
was gpproximately equa to the sum of the other two pressure gradients that were measured. Efforts
are presently underway to improve the modd by using an energy balance model for drop vaporization,
and the possible inclusion of finite rate vapor phase decomposition kinetics,

A number of experimenta difficulties were encountered during the tests, primary among them being
pressure spikes and areduction in catalyst bed efficiency from prior tests. Although purging the
instrumentation ports reduced the magnitude of the pressure spikes, it also provided an gpparent
hysteresis effect causing a zero-shift in the pressure differentid measurement. Eventudly differentid
pressure transducers with an extended range were used. The incomplete decompostion of the primary
flow exhausting from the catalyst bed is a complication with effects that can only be approximeated at this
time. Efforts are underway to improve the catalyst bed, and to develop porting configurations that
produce more accurate and reliable differentia pressure measurements.

The measurements and analysis resullts show promise for their application to high pressure bipropellant
combusgtors. This experimenta/anaytica approach can then be used in the andyss of subscde
chambers and for preliminary design andysis. The gpplication of this method to a high pressure
oxygen/RP-1 combustor is planned for later in 2003.



In the other work reported, a small-scale rocket combustor was designed and tested to verify life
prediction moddsfor low cyde fatigue and fatigue-creep interaction. A water-cooled copper liner was
tested to failure using hot gas generated by a precombustor. The liner life was about 100 cycles.
Severd life prediction methods were gpplied to predict combustor life and were compared with test
results. Viscoplastic modding showed better agreement than conventional methodsin predicting the life
cydefalure when both low cycle fatigue and elevated temperature loads were applied. A key
improvement that could diminate sSome uncertainty in the faillure mechanism would be to fix the liner
lands to the structural jacket. This method also shows promise for extenson to more severe conditions
for life prediction of full-scale components.
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